This paper introduces a novel approach for power control of three phase voltage source inverter (VSI) in grid connected distribution generation system. In this approach, the control of active and reactive power is based on deadbeat control strategy. First, the difference between the reference and actual currents are introduced in different approach. Then current to power substitutions are carried out to obtain direct relationship between the required inverter voltage and instantaneous power errors. There is no need for coordinate transformation or PLL, where the required inverter voltage vector calculations carried out in α-β stationary reference frame. The proposed technique introduces two cross coupling components in the control function. Including these two components, the controller can achieve nearly zero steady-state tracking error of the controlled variables. To obtain fixed switching frequency operations, space vector modulation (SVM) is used to synthesize the required inverter voltage vector and to generate the switching pulses for the VSI. The proposed strategy has the simplicity of the direct power control (DPC) technique and doesn't require any current control loops. The proposed strategy is experimentally implemented using fixed-point microcontroller. Simulation and experimental results are presented to confirm the superiority of the proposed strategy.
Introduction
The demand for renewable energy generation systems has been growing rapidly nowadays. Photovoltaic, wind and fuel-cell energies gain the largest utilities as renewable energy sources (Mohamed and El-Saadany, 2011; Blaabjerg et al., 2006; Alsayed et al., 2013) . To transfer power from these sources to the utility grid; three phase DC/AC VSI is required. Control of VSI can be divided into direct and indirect control strategies. Although these control strategies can achieve the same main goals, such as accurate and fast power control and near-sinusoidal currents, their principles differ (Monfared and Rastegar, 2012; Larrinaga et al., 2007) . The commonly used method of indirect power control is the voltage oriented control (VOC) Aurtenechea et al., 2006) . VOC is based on the current vector orientation with respect to the grid voltage vector. In this technique, the line currents are decoupled into active and reactive power components in the d-q reference frame. Phase-locked loop (PLL) is usually used to extract the angle of transformation. Also, two PI current controllers are needed to control the decoupled components of the line currents to achieve indirect power control. The control signals of the inverter switches can be generated using SVM or sinusoidal PWM strategy. VOC provides good transient behavior and PI current controllers ensure zero steady state error. Besides its complexity, one main drawback for VOC control scheme is that the performance relies highly on the tuning of the PI controller parameters.
Direct Power Control (DPC) is based on the instantaneous active and reactive power control (Noguchi et al., 1998; Hu and Zhu, 2011; Atia and Salem, 2013) . In DPC, there are no internal current control loops and no PWM modulator, because the inverter switching states are appropriately selected by a look-up table based on the instantaneous errors of the power components (Hu and Zhu, 2011) . Compared to VOC, DPC has a simpler algorithm, no current control loops, no coordinate transformation, no separate PWM voltage modulator, no need for decoupling between the control of the active and reactive power components, and it has better dynamics performance. On the other hand, the variable and higher switching frequency are the well-known disadvantages of the DPC scheme (Atia and Salem, 2013) . Also, the angular information of the grid voltage is required, because the selection of the inverter output vectors mainly depends on this angle. Then a PLL is required to extract this information as in the VOC.
A constant switching frequency DPC strategy with SVM based on a predictive power model was developed in (Atia and Salem, 2013; Malinowski et al., 2004; Bouafia et al., 2010a,b; Restrepo et al., 2013) . In all of those trials a complicated mathematical calculations were introduced and the advantages of DPC was lost. A deadbeat power control strategy for low cost three phase converter was presented in (Monfared and Rastegar, 2012) . In which, the required converter voltage was directly calculated based on reference and measured values of active and reactive power. Calculations were carried out in the synchronous reference frame that needs PLL for grid angle information. This paper introduces a novel approach for direct power control of three phase voltage source inverter. The control of active and reactive power is based on deadbeat control strategy. First, the difference between the reference and actual currents are introduced in different approach, then, current to power substitutions are carried out to obtain direct Fig. 1 shows schematic diagram of three phase voltage source inverter in grid connected distribution generation system. The system is composed of three phase two-level inverter connected to the utility grid via 3-phase inductance. The inverter is used to transfer power from distributed generation system to utility grid.
System configuration and modeling

The proposed system model in α-β reference frame
Considering the grid supply is an ideal voltage source, neglecting resistance (r), the relation between the inverter output voltage (v) and the grid voltage (u) in α-β reference frame can be given by: Based on deadbeat control (Nesic, 1996; Ma et al., 2008; Moreno et al., 2009) and to make the actual current follows the reference current, the inverter vector can be expressed in discrete form as:
On the basis of the dead beat control scheme, the following relations are satisfied:
As a consequence, by substituting (3) into (2), (2) can be written in the following form: Fig. 2 shows new approach to obtain the difference between the reference current and the actual current in α-β frame. In this approach, the rate of change of the actual current is considered. Based on Fig. 2 , (4) can be written in the following form:
To calculate i αβ (k) assume that i αβ (t) are two balanced orthogonal functions as follows:
By differentiation of (6):
In discrete form (8) can be written as:
where T is the sampling period of the discrete system. As shown in (9), i β appears in the equation of i α , and i α appears in the equation of i β . So, (9) introduces two new cross coupling components for the current equations in α-β reference frame.
On the other hand, the grid active and reactive power can be calculated in α-β reference frame as (Atia and Salem, 2013) :
The current components can be obtained from (10) as:
where:
From (9) and (11):
Substitution from (11), (12), and (14) into (5), (5) can be written as follows: Using (15), the required inverter voltage in α-β reference frame can be calculated directly based on instantaneous errors of active and reactive power. This voltage is able to clear the power error by the deadbeat at the end of the next sample. In this equation there are two terms named cross-coupling component terms Tω Q(k) and TωP(k). The proposed deadbeat controller with these cross-coupling components, which is the main contribution of this paper, resembles the behavior of the decoupling branches present in synchronous frame controllers (George et al., 2010) . Without these two terms there will be steady state error in active and reactive power. Including these two terms, the proposed controller can achieve nearly zero steady-state tracking error in the power signals. From (15), the controller simplicity is clear. The control action just includes evaluating two simple algebraic equations in each sampling period that can be easily implemented using fixed point microcontroller. Fig. 3 shows the block diagram of the proposed control system. 
Simulation results
To verify the derived equations correctness for deadbeat control strategy, the simulation model of three-phase grid connected system is built using Matlab/Simulink environment. The simulated system parameters are given in Table 1 . The simulation is conducted in two phases; steady-state and transient operation.
Steady-state response simulation results
Figs. 4-6 show the response of the proposed controller to various steady state conditions of active and reactive power. Fig. 4 shows a unity power factor operation where active power is only transferred to the grid and reactive power reference is set to zero. As shown in this figure, phase-A current is in phase with phase-A voltage. Fig. 5 shows zero power factor operation where active power is set to zero and reactive power is only transferred to the grid. Phase-A current is lagging phase-A voltage by 90 • . Fig. 6 shows 0.7 lag power factor operation. In this figure phase-A current is lagging phase-A voltage by 45 • where the active and reactive reference power are set to equal values. These waveforms confirm the proper operation of the proposed controller. As shown in these figures, the controller provides accurate regulation of injected active and reactive power to the grid. Table 2 shows the comparison between the controller performance with and without cross coupling terms. The table shows the steady state error of active and reactive power as well as THD of the injected current in both cases. The steady state error P and Q are dramatically decreasing with using cross coupling terms in the controller. Also the total harmonic distortion decreases as the delivered power increases.
Transient response simulation results
Figs. 7-9 show simulation results at transient state of the simulated system with the proposed controller. In these figures a step change in reference active or reactive power or in both is set and the results of phase-A voltage with the injected current are recorded. Fig. 7 shows step change in active power where the reactive power still at zero value. The fast dynamic response of active power is clear (rise time less than 1.2 ms) in this figure without effect on the reactive power. Also, Fig. 7 shows the superiority of the current performance during this change. Fig. 8 shows step change in reactive power where the active power still constant. Before step change, the power factor is unity. After step change instant, the active and reactive power values are equals, so the injected current is delayed by about of 45 • behind voltage signal resulting of 0.707 lagging power factor. As shown in Fig. 8 , the transition in reactive power is fast and smooth as well as in current waveform. Fig. 9 shows step change in both active and reactive power. Before step change instant the power factor is unity whereas after step change the power factor is zero. Fig. 9 shows the relation between phase-A voltage and current to clarify that change. The fast power tracking capability of the proposed controller is clear as shown in this figure. 
Experimental verification
Laboratory prototype is built to verify the proposed power control strategy for the grid connected distribution generation system. Fig. 10 shows the experimental setup of the proposed grid-connected system. The system is composed of 3-phase VSI, 3-phase inductance, 4-channel isolation amplifier, step-up transformers, control card, and 4-channel oscilloscope. Fig. 11 shows the control card that contains Maple microcontroller board, and signal conditioning circuit. The experimental system parameters are the same as of the simulated system that listed in Table 1 .
Experimental setup circuit
Experimental results
The experimental results are arranged in two categories; steady state and transient operation. The steady state results are presented to confirm the proper operation of the proposed controller. The transient operation shows the dynamics of the system for tracking changes in reference commands. The vertical scales for the experimental results will be as follows:
Experimental steady state results
Figs. 12-14 show experimental steady state operation of the proposed system. These figures illustrate the delivered active and reactive power to the grid, phase-A voltage and current at different cases of operation. Fig. 12 illustrates the case of unity power factor. Fig. 13 illustrates the case of zero power factor where the reference of the active power is set to zero. In this case, the phase shift between phase-A voltage and current is 90 • and the system acts as a reactive power compensator. Figs. 12-14 show that the proposed controller can be implemented using fixed point microcontroller to accurately control the injected active and reactive power to the grid with a permissible current THD (THD = 2.3%).
Experimental transient response results
The transient operation of the experimental system includes recording of active and reactive power, waveforms of three phase current (or phase-A current), and phase-A voltage in each operating case. Fig. 15 illustrates transient response for step change in active power while no reactive power is injected. The injected phase current is in phase with its grid phase voltage. This figure illustrates the fast dynamic response of the system. Fig. 16 shows step change in reactive power. It is obvious that the injected current to the grid is lagging the grid voltage by 90 • and the fast dynamic response is clear. Fig. 17 shows the system performance with step change in reactive power while there is no change in the injected active power. After step change the active power and reactive power have the same values. The operation is transferred from unity power factor (current in phase with the voltage) before step change to lagging power factor (45 • lag) after step changing in reference reactive power. Fig. 18 shows step change in both active and reactive power. Before step change, the reference active power has a value whereas the reference reactive power equals zero (unity power factor). After step change the reference reactive power has a value whereas the reference active power equals zero (zero power factor). This figure shows the effect of these changes on phase-A voltage and three phase current as indicated at the vertical dashed lines. The transient performance indicates the fast tracking of the control system to the reference step change. Also, there is no impact during of the step change in either active or reactive power to each other.
Without a precise calculations of the inverter voltage components (v α , v β ), a system with the accurate presented performance cannot be obtained. So, the calculated values of the inverter voltage. v α , v β , v s , and vector angle θ are presented in Fig. 19 . As indicated in this figure, v α and v β are pure and balanced sinusoidal orthogonal signals, which ensure sinusoidal and balanced output currents as presented in the simulation and experimental results. These values of the inverter voltage components are used by the SVM to generate the PWM signals of the inverter's switches.
Conclusion
In this paper, a proposed deadbeat power controller in α-β reference frame with SVM is introduced. A new approach is introduced to obtain the difference between the reference and actual currents. Then current to power substitutions are carried out to obtain direct relationship between the required inverter voltage and instantaneous power errors. The calculations are introduced in a simple manner in α-β reference frame. The proposed technique introduces two cross coupling components in the control function led to nearly zero steady-state error of the controlled variables. Compared with the other techniques, there is no need for current control loops or coordinate transformation. The proposed strategy has the simplicity of the DPC technique with the advantage of fixed switching frequency operations. Experimentally, a fixed-point microcontroller is used to implement the proposed algorithm. Practical considerations are taken into account to guarantee precise calculations of the required inverter voltage vector. Simulation and experimental results for steady state and transient operation are presented. The obtained steady state results show that the proposed controller can provide accurate control of active and reactive power with minimum THD in the injected current. The presented transient performance indicates the fast tracking capability of the proposed controller to follow the reference power signals. The experimental setup and results proof the simplicity and superiority of the proposed control technique.
